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ABSTRACT 
This research study is a theoretical framework for understanding rapid thermal 
processes which occur during the performance of new Nanoenergetic Gas-Generators 
(NGG) systems that rapidly release a large amount of gaseous products and generate a 
fast-moving thermal wave during the explosion. The kinetics of rapid oxidation of metal 
nanoparticles acquires practical importance with the quickly developing nanoenergetic 
systems. The thin film oxidation theory of Cabrera-Mott model was examined for a 
spherically symmetric case and used to analyze the physical importance of the 
exothermic processes for prediction of the reaction time and front velocity. A rapid 
kinetic of oxide growth on the outer part of oxide layer of aluminum ions during the 
oxidation of a spherical aluminum nanoparticle was evaluated by using the Cabrera - 
Mott moving boundary mechanism with self-heating process.  
 The electrical potential was determined and correlated to the reaction time, which 
a leads to the solution of a nonlinear Poisson equation in a moving boundary domain. 
Motion of the boundary is determined by the gradient of a solution on the boundary (via a 
Gibbs factor).  We have considered an accurate self-heating model of particle oxidation 
based on the balance of energy released as a result of chemical reaction. We have used 
detailed modeling of the heat loss, which is mainly due to convection. We investigated 
this problem numerically, using COMSOL and MATLAB for detailed air convection 
dynamics. It was demonstrated that the oxidation rates dramatically increased as a 
combined effect of nonlinearity and self-heating.  
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NOMENCLATURE 
Symbols 
Al Aluminum 
Al2O3    aluminum oxide 
V electric field potential 
Мок molecular weight of the oxide 
ме, ок density of the metal, density oxide 
Аме atomic mass of the metal 
M number of metal atoms in the oxide 
Coxd oxidant concentration at the particle surface 
E  activation energy 
 ,    oxide layer, oxide thickness at t = 0 
     ,        constant linear velocity, the parabolic velocity 
         Constants 
t   time  
T    Temperature 
     ,        constant of integration 
D  Diffusion 
    heat of reaction 
i+ ionic current density 
N the surface density of  mobile ions at the metal 
n0 number of excess oxygen ions 
  vibrational frequency of a surface metal atom 
 xii 
 
W activation energy, overcoming ionization potential  
   difference of chemical potentials for metal ions in the metal and the oxide 
Q the charge on the mobile ion 
A activation or half-jump distance, distance 
K the equilibrium constant 
Ns total number of oxygen ions per unit area of the surface 
N concentration of the charges far from the metal-oxidizer interface 
   concentration of sites available for hopping metal ions 
   metal particle radius 
   electrostatic constant 
  elementary charge 
  ,    concentrations of respectively aluminum ions and of excess electrons in 
the oxide layer 
   mass of electron 
     Boltzmann constant 
  Plank constant 
  potential difference for electrons in the conduction bands of aluminum 
metal and the oxide (a semi-conductor) 
   the condition that metal ion concentration at the interface with the oxide 
   normal velocity of the metal-oxide interface 
    the initial metal sphere radius 
D initial oxide thickness  
   volume of oxide per aluminum ion 
 xiii 
 
   ,        densities of the aluminum and oxide 
   ,        specifics heats per unit mass 
    oxidation reaction enthalpy per unit mass of aluminum 
    aluminum oxidation enthalpy 
  proportion of released heat which is used up for self-heating 
P Power 
   the energy flow  
m0 initial mass of the particle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Introduction  
General characteristics of the thesis:   
This thesis presents the results of particle oxidation modeling based on the 
balance of energy released as a result of chemical reaction. We have analyzed the process 
of reaction, evaluated the reaction time and computed the temperature as a function of 
time using Cabrera-Mott model. To find the temperature distribution of the 
nanostructured particle throughout the rapid oxidation process, we have used detailed air 
convection dynamics, and found the overall oxidation time scale using self-heating model 
in COMSOL Multiphysics software.  
 
Relevance of the topic of the thesis:  
Energetic materials are substances that can store large amounts of chemical 
energy and are characterized by a very high rate of energy release on burning. Nano-
phase materials and composites, characterized by ultra fine grain size, have especially 
attracted widespread interest in recent years due to their high density energetic properties. 
Such nanostructured metallic and explosive powders have been used with solid propellant 
and explosive mixtures to increase the overall efficiency. One of the nano-energetic 
materials is aluminum metal with oxidizer. Aluminum oxygen is highly reaction 
exothermic and has been extensively used for propulsion, pyrotechnics and explosion 
reactions. Because of its extensive use as an energetic material, several research efforts 
have been directed to understand the mechanism and model the oxidation of aluminum 
particles [1-9]. 
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 The progress has been made during the past two decades in developing energetic 
materials such as Metastable Intermolecular Composites (MIC) or so-called 
Nanoenergetic Materials (NM).  These materials can rapidly release temperature and 
pressure waves and have extensive potential applications as propellants, explosives and 
primers and currently are the subject of extensive research. The composites are mainly 
mixtures of two nanoparticles components, one of which is defined as a fuel and the 
second as oxidizer. The use of nanoscale particles instead of micro particles increases the 
intimate contact between the fuel and oxidizer. This decreases mass transport limitations 
which increases the reaction rate and reactivity of the mixtures. The shock wave velocity 
and rate of energy release increased by up to 3 orders of magnitude when the particles’ 
size of either aluminum and/or the oxidizer were reduced to a nano size range. Aluminum 
oxidation exhibits high enthalpy and has been extensively used for propulsion, 
pyrotechnics and explosion reactions [10, 11]. Nanoenergetic materials based on 
aluminum thermites may store about two times more energy per volume than 
conventional monomolecular energetic materials [12]. The size reduction of reactant 
powders such as aluminum from micro- to nano domain increases the reaction front 
propagation velocity in some systems by two to three orders of magnitude [12, 13]. The 
development of novel NM, their design, synthesis and fabrication procedures are critical 
for national security and it was recognized to be significant to support advanced weapons 
platforms. Among numerous thermodynamically feasible Metastable Intermolecular 
Composites mixtures the most widely investigated are Al/Fe2O3, Al/MoO3, Al/WO3, 
Al/CuO, Al/Bi2O3 and Al/I2O5 nano systems [12-14]. There are several advantages of 
using Al/I2O5 and Al/Bi2O3 nanocomposites:  
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 reduced ignition and reaction times;  
 superior heat transfer rates;  
 tunability of novel energetic fuel/propellants with desirable physical properties; 
 enhanced density impulse; 
 incorporating nanoenergetic materials into nano and micro-mechanical systems. 
They can have higher energy densities than conventional explosives and can generate 
shock waves with velocities of up to 2500 m/s. Aluminum-oxygen reaction is important 
in highly energetic and high pressure generating systems. Figure 1.1 shows TEM images 
and morphology of the nano aluminum particles used in nanoenergetic gas generators 
(NGG) [12].  
   
Figure 1.1: TEM images and morphology of the nano aluminum particles used in nanoenergetic 
gas generators [12].  
 
It can see that the radius of aluminum spherical particles is in the range of 20 - 50 nm and 
covered by a thin oxide layer of about 4 nm. The main distinguishing features of these 
reactive systems are their significant enthalpy release and tunable rate of energy 
discharge, which gives rise to a wide range of combustion rates, energy release, and 
ignition sensitivity. Recent advances in the integration of nanoenergetic components into 
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microelectro-mechanical systems (MEMs) imply a possible development of 
‘‘nanoenergetics-on-a-chip’’ devices, which can have several potential applications in 
digital propulsion systems and aircraft corrections systems [12, 15]. 
 Well-established nanoenergetic thermite reactions include those of mixtures of Al 
and metal oxides. Most previous research in this area was concerned with the 
development of suitable fuel/metal oxidizer nanocomposites and studying the impact of 
the particle size on the corresponding amplitude and velocity of the propagating 
temperature front and ignition features [12]. 
 
 The goal of this thesis is to examine and use the Cabrera - Mott oxidation model 
for nanoenergetic systems and analyze the kinetics of the thermite processes. In this 
thesis a rapid oxidation model of a spherical aluminum nanoparticle, using the Cabrera - 
Mott moving boundary mechanism and taking self-heating into account are presented.  In 
partuclar, we considered a spherically symmetric case and used the Cabrera Mott model 
to describe the kinetics of oxide growth on spherical aluminum nanoparticles for 
evaluating the reaction time. We assume that Aluminum oxygen reaction occurs on the 
part of Al oxide layer. We assumed that a ball of aluminum of radius 20 to 50 nm is 
covered by a thin oxide layer (2-4 nm) and is surrounded by abundant amount of oxygen 
stored by oxidizers. The metal ball is rapidly heated up to ignition temperature to initiate 
self-sustaining oxidation reaction as a result of highly exothermic reaction. 
In the oxide layer (a semiconductor) excess concentrations of electrons and ions 
are dependent on the electric field potential V via  a Gibbs factor,  leading to a nonlinear 
Poisson equation for the electric field potential in a moving boundary domain. Motion of 
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the boundary is determined by the gradient of a solution on the boundary via a Gibbs 
factor.  For  spherical particles, there are obvious size effects. In part, these effects are 
due to the dependence of the Mott potential and temeprature  on  particle radius. Taking 
those into account, oxidation rate increases with the decreasing particle radius. This 
problem is investigated numerically, using the package of COMSOL software. The 
software runs the finite element analysis along with the grid, and takes into account the 
geometric configuration of the body. 
 This thesis is included 4 chapters, 18 figures, 2 tables, references, summary and 
conclusions.  
The results of this work were reported at the following conferences: 
1. Z. Ramazanova, M. Zyskin, K.S. Martirosyan, "Simulation of Electronic 
Processes of Nanoenergetic Gas Generators by Using Cabrera Mott Oxidation 
Model", UTB 14th Annual Research Symposium, Abstract book, p. 30, 2012 
2. Z. Ramazanova, M. Zyskin, K. S. Martirosyan, "Nanoenergetic Gas-Generators: 
modeling and applications", UTB 1st Mathematical Modeling in Engineering and 
Physical Sciences for the graduate student symposium, May 1-3, Abstract book, 
2012 
3. Z. Ramazanova, M. Zyskin, K.S. Martirosyan, "Modeling of oxidation of 
aluminum nanoparticles by using Cabrera Mott Model", Bulletin of the American 
Physical Society, Joint Fall 2012 Meeting of the Texas Sections of the APS, 
AAPT, and Zone 13 of the SPS, Volume 57, Number 10, October 25–27, 2012; 
Lubbock, Texas 
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4. Z. Ramazanova, M. Zyskin, K. S. Martirosyan, Modeling of reactive oxidation of 
spherical aluminum nanoparticle, UTB 15th Annual Research Symposium, 
Abstract book, p.34, April 5, 2013 
5. Z. Ramazanova, M. Zyskin, K. S. Martirosyan, Spherically symmetric oxidation 
model of aluminum nanoparticles, NSTI-Nanotech 2013, ISBN 978-1-4822-0584-
8 Vol. 2, 2013. 
6. K. S. Martirosyan, Z. Ramazanova, M. Zyskin, Nanoscale Energetic Materials: 
Theoretical and Experimental Updates, The 8th Pacific Rim International 
Congress on Advanced Materials and Processing, August 4-9, 2013, Waikoloa, 
HI. 
7. Karen Martirosyan, Zamarta Ramazanova, Maxim Zyskin, Simulation of 
Reaction Time in Spherical Aluminum Oxide Nanoparticles During Rapid 
Oxidation, Bulletin of the American Physical Society, Joint Fall 2013 Meeting of 
the Texas Sections of the APS, AAPT, and Zone 13 of the SPS Volume 58, 
Number 10, October 10-12, 2013, Brownsville, TX. 
8.  Karen Martirosyan, Zamarta Ramazanova, Maxim Zyskin, Self-heating model of 
spherical aluminum particle oxidation, XII International Symposium on Self-
Propagating high temperature synthesis, October 21-24, 2013, Abstract book, 
pages: 117-118, South Padre Island, TX. 
 
 
 
 
 
2 THEORETICAL BACKGROUND 
2.1 General Laws of the Oxidation of Metals 
 
       2.1.1 Kinetics of Oxidation 
The formation of condensed products during the metal oxidation leads to 
interaction of the metal with the oxidant by creating the diffusion limitation of oxygen 
through the oxide outer layer. The resistance of different metal oxide films is most clearly 
expressed in terms of the volumetric ratio , showing how to change the volume of metal 
in the oxidation and representing a ratio of the oxide to the volume of metal from which 
this oxide is formed [16]. The volumetric ratio  is determined by following formula:   
 
=
меоx
меоx
ме
оx
Аm
М
V
V





                                             (2.1) 
 
where Моx - the molecular weight of the oxide, ме - density of the metal, оx - density 
oxide, Аме - atomic mass of the metal, m - the number of metal atoms in the oxide. 
 When <1, the oxide cannot cover the metal with homogeneous film. The film 
has a porous, honeycomb structure and has no substantial resistance to further oxidation 
of the metal. Metals having such a film are Mg (=0.81), Ba (=0.78), Ca (=0.64), Li 
(=0.58).  
 When >1, the film covers the metal with a continuous layer.  The surface freely 
grows from the outside. The compact film serves as an effective barrier to oxidation. 
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These oxide films occur for Al (oxidation to Al2O3,  = 1.31), Be (BeO, =1.68), Cu 
(CuO, =1.72), Ni (Ni2O3, =1.65), Zn (ZnO, =1.55), W (WO2, =1.87). 
 When >>1, the protective properties of the oxide is lost again. This is due to a 
large increase in volume at the oxidation, which causes strain in the film, for example 
(V2O5, =3.19), Cr (Cr2O3, =3.92). 
 The kinetic law depends on the properties of the oxide film, characterizing the 
oxidation of the metal over the time. 
 Experiments have revealed various laws of oxidation [17]. The power law of 
oxidation describe that the rate of reactions (the rate growth of the product layer) 
decreases with the increasing thickness of the layer of product due to diffusion limitation 
of oxygen [18]: 
 
   
  
  
 
      
 
  
     
 
  
                                                         (2.2) 
 
where Coxd – oxidant concentration at the particle surface;   - order of the reaction on the 
oxidant;     - the density of oxide;   - pre-exponential factor; E - activation energy; R – 
gas constant; T -temperature. The index  determines the dependence of the reaction rate 
on the thickness of the oxide layer  . In the kinetic literature the name of the law is 
associated with the value of  (  = 0 - linear,    - parabolic,     - cubic), which 
corresponds to the integral form of these laws.  
 Usually      for the case when the product of reaction is a porous oxide film, 
i.e. <1. Oxidation that follows a linear law can be described as: 
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                                                              (2.3) 
 
where       - constant linear velocity, and       - the constant of integration. 
Graphically, this is represented by curve 2 in Figure 2.1 
 
        
                                                             
                                                             
 
 
Figure 2.1: Parabolic (1) and linear (2) oxidation [19]  
 At m=1 (parabolic rate law of oxidation) rate of reaction is determined by 
diffusion processes in the solid or liquid oxide film. The appearance of the exponents in 
the law of oxidation formally reflects the dependence of the diffusion of the reactants in 
the oxide film on the temperature [19]. 
The parabolic rate equation is written in integral form: 
 
                                                                (2.4) 
x 
t 
1 
2 
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where        is a constant called the parabolic velocity,        - the constant of 
integration. The curve 1 (Figure 2.1) describes the dependence of the thickness of the 
oxide film on the time for the parabolic oxidation law. 
 High-temperature oxidation parabolic law means that the oxidation rate is limited 
by the rate of thermal diffusion.  
Summary for oxidation mechanisms 
 The basis for developing high temperature oxidation resistant alloys is the formation 
of a protective oxide layer between the metal and the environment; 
 Reaction kinetics are controlled by the rates of diffusion of metal ions and/or O2 
across the barrier oxide; 
 Since the diffusion processes are temperature-dependent, oxidation rates increase 
rapidly with increasing in temperature according to: 
 
                                                             (2.5) 
 
where R is the gas constant, T is the temperature (K) and D0 is a constant term referred to 
the pre-exponential factor, or less often, as the frequency factor. The term E is called the 
activation energy of diffusion.     
 Three laws describe the oxidation rates for most metals and alloys: 
1. Linear growth:             
2. Parabolic growth:           
3. Logarithmic growth:               , where                               
          and a are constants,    is oxide thickness at t = 0; 
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Figure 2.2: Dependence of the thickness of the oxide film on the time for the linear, 
parabolic and logarithmic oxidation laws (picture from internet) 
 
 The linear rate law is applicable to the formation and development of non-protective 
oxide layers at high temperature; 
 The rate constant, kl changes with temperature according to an Arrhenius type 
relationship: 
         
where rate constant,      
  
  , this is known as the Arrhenius equation, here A 
is the frequency factor or pre-exponential factor,    is the activation energy of the 
reaction,  R is the molar gas constant, Tis the absolute temperature. 
 The parabolic rate law assumes that the diffusion of metal cations or oxygen anions is 
the rate - controlling step and is derived from Fick’s first law of diffusion.  
Fick's 1st law is expressed as 
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where J is the diffusion flux; D is the diffusion coefficient or diffusivity in 
dimensions of [length
2
 time
−1
];   (for ideal mixtures) is the concentration in 
dimensions of [amount of substance per unit volume]; x is the position [length].    
 This law is applicable to uniform, continuous and protective oxide scale layers; 
 The rate constant, kp changes with temperature according to an Arrhenius type 
relationship:  
          
where      
  
  ,   - rate constant, A-frequency factor or pre-exponential factor, 
e is the base of the natural logs (2.718…),    is the activation energy of the 
reaction,  R is the molar gas constant, T is the absolute temperature. 
 The logarithmic rate law is mainly applicable to thin oxide scales (less than 100 nm) 
formed at low temperatures, and therefore rarely applicable to high temperature 
engineering problems: 
              . 
 Ideally, the oxidation rate should be relatively slow (parabolic growth law); 
 Such a requirement depends on: 
1. Rate of diffusion of reactants (metal cations and O2 anions) through the oxide 
layer;  
2. Rate of supply of O2 to the outer surface of the oxide; 
3. Molar volume ratio of oxide to metal. 
 The slowest process at a given temperature will control the rate of oxidation. 
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 2.1.2 Oxidation of Metals 
  Oxidation is a general term used to define the reaction between a metal or alloy 
and its environment. Metals or alloys are oxidized when heated to an elevated 
temperature in air or highly oxidized atmosphere with excess air or oxygen. Oxidation 
can also take place in reducing environments (low oxygen potential). In industrial 
practice, metals and alloys are rarely exposed to pure oxygen. The atmosphere may 
contain oxidizing species in addition to oxygen. Understanding oxidation of metals and 
alloys has been behind the successful development of alloys that resist environmental 
attack at high temperatures. Oxidation resistance of these alloys is due to the presence of 
reactive alloying elements, such as Cr, Al, and Si, which can form stable, protective 
external oxide scales on the metal surfaces to prevent further corrosion [20-21]. 
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2.2 Nanoenergetic Materials 
The development of novel energetic materials (EMs), synthesis, and fabrication 
procedures are critical for national security. It was recognized as a significant addition to 
the support of changing force structure for advanced weapons platforms [22-24]. 
A recent advance in the synthesis of reactive materials has resulted in a lot of 
interests due to their application in energetic formulations such as fuels, propellants, 
munitions, and explosives.  Traditional energetic materials include thermite compositions 
and monomolecular compounds such as TNT, RDX, HMX [25, 26]. Although these 
compounds are characterized by extremely fast energy release, they are limited in the 
amount of energy that they can release.  Significantly higher energy densities could be 
achieved by addition of metal fuels such as Mg, Al, B, Ti, and Zr in these energetic 
formulations [11, 25].   
 In monomolecular EMs, the rate of energy release is primarily controlled by 
chemical kinetics, while for composite EMs, it is mainly controlled by mass transport and 
diffusion limitations. A major drawback of monomolecular EMs is the low volumetric 
energy density. The energy densities of some monomolecular composites such as 2,4,6-
trinitrotoluene (TNT), pentaerythritol tetranitrate (PETN), 1,3,5-trinitroperhydro-1,3,5-
triazine (RDX), and some thermite stoichiometric formulations are shown in Figure 2.3. 
The highest energy density for monomolecular materials is up to ∼12 kJ/cm3 that is less 
than that for thermite composite systems. Thermites are compositions that consist of 
mixed metal (typically Al) and metal oxide. When such compositions react, they release a 
large quantity of heat. A comparison of energy densities shows that the volumetric energy 
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of thermite-based materials can easily exceed the best existing molecular explosives by 
about a factor of 2 and can reach up to 25.7 kJ/cm
3
 [22, 27].  
 
Figure 2.3: Energy densities of some monomolecular composites (TNT, PETN, RDX) and 
thermite stoichiometric formulations [22]. 
 
 However, due to the granular nature of thermite EMs, reaction kinetics is typically 
controlled by the mass transport rates on the reactant surfaces. Hence, although thermite 
composites may have extreme energy densities, the release rate of that energy is below 
that which may be attained in a chemical kinetics controlled process. To reduce the 
diffusion limitation and associated mass transport in the thermite composites, an attempt 
was made to use nanostructured components [22, 28-31].  
 Of particular interest is aluminum because of its high heat of reaction to form 
aluminum oxide (ΔH = 32 kJ/g) [25, 32]. Calculations suggest that incorporation of 
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aluminum metal into the energetic formulations could increase the energy density of 
these formulations, assuming efficient oxidation of all of the aluminum to aluminum 
oxide [25].  
 Nanostructured materials are a subject of increased interest for many applications 
since they have improved properties compared with their micro- or macroscopic 
counterparts. Nanoscale technology is accelerating and gathering strength for supremacy. 
The reason for the use of nanostructured materials is that the requirement for a 
chemically stable material and the current state of the art synthetic procedures limit both 
the oxidizer–fuel balance and the physical density of the material. Based on these 
developments, the research on nanostructured EMs is getting more attention and interest 
from many research groups worldwide. Nanoscale particles have a significantly higher 
surface area to volume ratio than microparticles, providing a closer contact between solid 
particles in energetic mixtures. The small size of nanoparticles increases the homogeneity 
of the reactant mixture and improves the uniformity of a propagating reaction front [22]. 
 Nanostructured highly exothermic reactive mixtures, referred to as nanoenergetic 
materials (NMs) or metastable intermolecular composites (MICs) may release energy 
much faster than conventional EMs [22, 28-31]. High-density NMs have various 
potential applications and are likely to become the next-generation explosive and 
propulsion materials. They enable the adjustment of the energy density and power release 
by a suitable choice of fuel and oxidizer composition and control of the particle size 
distribution [22]. 
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       2.2.1 Energetic Materials Characterization 
Energetic materials are a class of materials containing both fuel and oxidizer in a 
mixture or within a single compound, and include all the broad areas of propellants, 
explosives and pyrotechnics. For thermite-type reactions, a metal oxide is the oxidizer, 
and aluminum the fuel. Thermite-type reactions (as illustrated in Equation 2.6)  
 
                                                                (2.6) 
 
on the nanoscale have been called many names including nanothermites [33-35, 36] 
metastable intermolecular composites (MICs) [33, 37, 38, 36] or superthermites [36, 39]. 
 The phrase “nanothermites” comes from the particle sizes used in these energetic 
mixtures, in contrast to the more familiar thermite type reaction in which the particle 
sizes are on the order of microns. The term “metastable intermolecular composites” 
comes from the fact that the mixtures of metal oxide and aluminum are stable up to their 
ignition temperature, at which point self-propagating high-temperature synthesis (SHS) 
[36] occurs and the thermodynamic products of a metal and aluminum oxide are 
produced. Finally, the term “superthermite” comes from the fact that thermites composed 
of nano-sized materials exhibit very different combustion characteristics when compared 
to those mixed with micron-sized precursors. Superior combustion velocities, and 
explosive behavior compared to the usual observed deflagration often characterize 
thermites made with nanoscale precursors.  
In addition to standard chemical techniques useful for characterizing inorganic 
materials such as X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and 
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Transmission Electron Microscopy (TEM), the energetic nature of the thermites being 
discussed requires further characterization methods. Friction, impact and Electrostatic 
Discharge (ESD) sensitivity are all important aspects. Friction sensitivity is measured in 
Newton (N) by the scraping of various weights over an energetic material sandwiched 
between ceramic plates, impact in Joules (J) by the dropping of weights from various 
heights on the energetic material, and ESD in milli-Joules (mJ) by sending a spark of 
controlled energy through a sample of the energetic material.  
 The importance of ESD measurements is to make sure that the sensitivity of the 
material to static discharge is below the static potential developed by the human body (5-
20 mJ). Increased sensitivities correlate with increased reactivity of the composite 
material, and this increased reactivity is also reflected in the speed of combustion of the 
energetic material. The velocity at which a nanothermite combusts is important for its 
potential applications, where thermites of one velocity may be suited for one application 
and thermites of another velocity may be unsuitable for the same application. 
Combustion velocity is measured by visual or Infra Red (IR) high-speed cameras which 
photograph the process [33, 36]. A recorded IR image is shown in Figure 2.4, (inset). 
Figure 2.4 shows the dependence of the maximum generated pressure versus the mixing 
time of the Al/I2O5 mixture of nanoparticles.  
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Figure 2.4: Typical IR thermal image during detonation. Temporal pressure rise during reaction 
of Al/I2O5 nanoenergetic mixture for different mixing time [12].  
 
 Finally, ignition temperature is also an important aspect of nano-thermite 
characterization as the temperature at which one combusts is a practical aspect 
determining whether a thermite is suitable for a particular use (example, resistively 
ignited electric matches) [36, 40]. 
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       2.2.2 Monomolecular and Composite Energetic Materials  
Monomolecular energetic materials contain both the fuel and oxidizing 
component of an energetic material in a single molecule.  Here, the fuel is usually carbon, 
with oxygen present in the molecule and in the atmosphere accounting for the oxidizing 
residues.  Energy release rates for these materials are high with reactions being controlled 
by intermolecular bond-breaking and temperature-dominated chemical kinetics [41-42]. 
The monomolecular decomposition reaction can reach energy release velocities of almost 
7,000 m/s [43]. However, energy release densities are lower than for composite energetic 
materials, with the highest energy density for these materials currently one-half that of 
energetic composite systems [41, 44].  
 As opposed to monomolecular energetic materials, composite energetic materials 
comprise the other major category of energetic materials.  These materials undergo 
exothermic reactions when two materials interact in oxidation-reduction reactions, as 
with thermite-type materials, or through the reaction of two metals to produce an 
intermetallic.  The oxidation-reduction thermite reaction was first described by 
Goldschmidt in 1908 [41, 45]. These extremely exothermic reactions involve a transfer of 
electrons between one reactant to the other, where, in essence, one reactant is oxidized, 
while the other reactant is reduced.  Exothermic reactions created from composite 
energetic materials are used in a wide variety of applications.  These include a method for 
the welding together of railroad tracks, the underwater welding of metals, some additive 
to explosives for even greater performance, car airbag initiators and independent heat 
sources [41, 46].  
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Metals with large heats of formation for their oxides are desirable, as these metals 
will generate the highest heat density.  A low melt temperature is preferred as diffusion of 
the fuel particles increases in the liquid state to increase reaction velocity as mass 
transport issues are reduced.  Having the fuel component possess low toxicity is self-
explanatory, where a fuel such as beryllium would be a prime candidate with high 
potential energy content if not for health reasons [41, 46]. Aluminum is typically desired 
as the fuel component due to its low melting temperature and low price.  Also, aluminum 
has a propensity to form a passive oxide layer (Al2O3) to decrease the chance of 
unplanned reactions from the initial mechanical mixing [41].   
       
       2.2.3 Advantages of the Nanoscale    
  Recently, research has been focused on the development of nanoenergetic 
composite materials.  As previously mentioned, traditional macro-scale composite 
materials possess large energy release densities.   However, due to the large physical 
dimensions of both the oxidizer and fuel components, mass transport issues upon reaction 
initiation inhibit high energy release rates.  The most effective method to decrease mass 
transport issues with these materials and to increase reaction rates is to reduce the scale of 
the oxidizer and fuel components.  Presently, research is being performed on systems in 
the nano-scale domain.  This decrease in the size of the reactants resulted in faster energy 
release rates and higher energy outputs due to greater interfacial contact area between the 
oxidizer and fuel phases [41].  
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2.3 Aluminum Nanoparticles 
 
       2.3.1 Aluminum Nanoparticles and Oxidation of Aluminum 
 
Aluminum has been added to propellants and explosives, due to its high enthalpy 
of combustion. Because of its extensive use as an energetic material, several research 
efforts have been directed to understand the mechanism and model the oxidation of 
aluminum particles. Some researchers [47, 48] have improved the model by considering 
the inward diffusion and condensation of the product on the droplet surface, and included 
the effect of heat of condensation, thus relaxing the assumptions made in the earlier work. 
Yetter et al. [49, 50] have studied the flame structure of aluminum particles reacting in 
various well-defined oxidizing environments experimentally and computationally, and 
have confirmed the gas phase oxidation of micron-sized particle. More recently Trunov et 
al. [51] studied the effect of phase transformations in the aluminum oxide shell, which 
surrounds the metal particle, on the oxidation process. They have considered oxidation to 
be a transport process through the oxide shell as opposed to the vapor phase phenomenon 
as was done by most of the earlier researchers and have proposed a multi-stage 
mechanism for oxidation of micron-sized aluminum powder.  Most of these earlier 
models described the oxidation of micron-sized aluminum particles and these particles 
effectively burn in the continuum regime with a boundary layer and a flame surrounding 
the particle. In this regime the metal burns in the vapor phase, and the diffusion flux of 
the metal from the particle surface and that of the oxidizer from the ambient atmosphere 
determine the standoff distance of the flame from the particle surface. The criteria for 
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continuum burning is that the particle size be significantly greater than the mean free path 
of the gas and is clearly the case for micron size particles.  
It is well known that fine metal particles (<300 nm) or metal nanoparticles (<100 
nm) are highly reactive. It has been reported [52] that addition of aluminum nanoparticles 
in a propellant formulation can enhance the propellant burning rate by a factor of 5–10 
over conventional micron-sized particles. Nanoparticles (<100 nm) are typically smaller 
than the mean free path, and a continuum burning model is not valid. Oxidation of these 
nanoparticles will likely be more of a surface process involving the collision of oxygen 
with the particles and then the subsequent transport through the oxide shell. Furthermore, 
there are/maybe other physical/chemical differences between nanoparticles and micron-
sized materials [53]. 
    
        2.3.2 Properties of Aluminum and Aluminum Oxide 
 
Aluminum is the most abundant metal and the third most abundant element in the 
Earth’s crust, after oxygen and silicon. It makes up about 8% by weight of the Earth’s 
solid surface and is chemically too reactive to occur in nature as a free metal. Instead, it is 
found in a combined state in over 270 different minerals.  
 Aluminum metal is silvery white, has a low specific gravity (2.70) and a low 
melting temperature (933 K). Aluminum is probably used for more purposes than any 
other metal. Aluminum as a metal has light weight, about one-third that of steel. Pure 
aluminum is soft and ductile. Other reasons of its use in industry are the ease with which 
the metal can be cast, machined, rolled, forged, extruded, and drawn. It has high electrical 
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conductivity and significant resistance to atmospheric corrosion. Aluminum paint, 
beverage cans, baseball bats, high-voltage power lines, house siding, boats, and airplanes 
are just a few examples of aluminum in use as a metal. As an energetic material, it can be 
used as very good source of energy with the heat of reaction as high as 32 kJ/g.  Various 
properties of aluminum and its oxide alumina are shown in Table 2.1 and Table 2.2, 
respectively [54]. 
Table 2.1: Properties of Aluminum 
Atomic number 13 
Atomic weight  26.98 kg/kmol 
Density  2700kg/m
3
 
Molar Volume 10 cm
3
 
Young Modules 70GPa 
Rigidity Modules 26GPa 
Elastic Modules 70-79GPa 
Bulk Modules 76GPa 
Tensile Strength 230-570MPa 
Yield Strength 215-505 MPa 
Poisson Ratio 0.35, 0.33 
Melting Point  933 K 
Boiling Point 2740 K 
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Specific Heat 938 J/kg K 
Latent heat of fusion  397 kJ/kg  
Thermal Conductivity 0.5 cal/s cm K 
Van der wall Radius  0.143nm 
Ionic Radius 0.05nm 
Thermal expansion coefficient 20.4-25.0*10
-6
 /K 
 
Table 2.1: Properties of Aluminum Oxide 
 
Molecular Weight 101.961 kg/kmol 
Melting Point 2327 K 
Boiling Point 3273 K 
Density 4000 kg/m
3
 
Flexural Strength 330MPa 
Elastic Modulus 300GPa 
Shear Modulus 124GPa 
Bulk Modulus 165GPa 
Poisson’s Ratio 0.21 
Compressive Strength 2100 
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Hardness 1175 kg/mm
2 
Fracture Toughness 3.5 MPa/m
0.5 
Thermal Conductivity 18W/m K 
Specific Heat 880 J/kg K 
 
       
          2.3.3 Applications of Aluminum Nanoparticles 
 
Since research of aluminum nanoparticles is relatively new, characterization 
techniques to study micron sized materials quickly become obsolete when applied to 
aluminum on the nanoscale.  In order to determine if nanoscale aluminum offers 
enhanced performance compared to micron particles, new tests have been developed.  
These laboratory scale tests include ignition studies [55-59] to determine if these particles 
release energy in suitable time frame, adding value to energetic formulations, and 
combustion studies to determine the overall effect of incorporation of aluminum 
nanoparticles into energetic formulations [60-70], including combustion of liquid fuels 
[66], gels [68], solid propellants [69], solid fuels [70], and thermites [63]. Developments 
of novel, more precise characterization techniques make possible a more thorough 
investigation of these new energetic materials [71].  
The key applications of aluminum oxide nanoparticles are listed below [54]: 
 Transparent ceramics, high-pressure sodium lamps, and EP-ROM window; 
 In YAG laser crystals; 
 As cosmetic fillers; 
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 Single crystal, ruby, sapphire, sapphire, and yttrium aluminum garnets; 
 High-strength aluminum oxide ceramic and C substrates; 
 Packaging materials, cutting tools, high purity crucible, winding axle, and furnace 
tubes; 
 Polishing materials, glass products, metal products, semiconductor materials; 
 Plastic, tape, and grinding belts; 
 Paint, rubber, plastic wear-resistant reinforcement, and advanced waterproof 
materials; 
 Catalyst, catalyst carrier, analytical reagents; 
 Aerospace aircraft wing leading edges; 
 Vapor deposition materials, special glass, fluorescent materials, composite materials 
and resins; 
In cases where aluminum oxide nanoparticles are used in the liquid form such as an 
aqueous dispersion, the key applications are as follows: 
 Plastics, rubber, ceramics, refractory products 
 To improve ceramics density, smoothness, fracture toughness, creep resistance, 
thermal fatigue resistance, and polymer products wear resistance; 
 Ideal material of far infrared emission. 
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2.4 Cabrera and Mott Theory 
 
The kinetics of low temperature the oxidation of metal nanoparticles acquires of 
practical importance with the rapidly developing nanotechnology. The theory of 
oxidation in the thin films was first formulated by Cabrera and Mott. In the theory is 
assumed the emergence of the initial time of oxidation of the electric potential (Mott 
potential) between the boundaries oxide- adsorbed oxygen and oxide-metal interface.  
The theory qualitatively correctly describes the processes of formation of planar thin 
films of oxide, and it is assumed the constancy of the diffusion coefficients of metal ions, 
oxygen ions, electrons and vacancies. The first assumption of the Cabrera Mott model is 
that electrons can pass freely from the metal to the oxide surface to ionize oxygen atoms.  
This potential drives the slow ionic transport across the oxide film.  
Cabrera and Mott [7] discussed the growth of very thin films formed both by 
anodic and atmospheric oxidation, the electric field necessary being produced by the 
applied potential and adsorbed oxygen, respectively.  Several basic assumptions must be 
made:  
 The transfer of an ion across the metal-oxide interface is the rate-determining step in 
oxide growth;  
 The transfer of an ion through the oxide bulk is fast due to lowering of  diffusion 
barriers  by the applied electric field;   
 The field is sufficiently high to ensure that negligible amounts of ions are moving 
against the electric field direction.  
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The implication of these assumptions is that the number of ions in transit through the 
film is very small, and hence space charge is negligible. Space charge is the 
accumulation of charged ions in an oxide film, which can lead to a net lowering of the 
applied field; a consequence of this is that the electric field strength becomes a function 
of oxide thickness in order to maintain a constant ionic current density. With these 
assumptions Cabrera and Mott proposed that the ionic current density i+ could be written 
as  
 
                                                            (2.7) 
 
where n is the surface density of mobile ions at the metal;   is the vibrational frequency 
of a surface metal atom; W is the height of the energy barrier over which the ion must 
pass in order to enter the oxide bulk, i.e., activation energy; q is the charge on the mobile 
ion;   is the activation or half-jump distance, i.e., distance from the positions of 
minimum to the maximum potential energy; and    is a Boltzmann constant and T is a 
temperature [72]. 
 The theory of Cabrera and Mott is valid for thin films, but there are several 
extensions for thicker oxide films. The first assumption of the Cabrera-Mott model is that 
electrons can pass freely from the metal to the oxide surface to ionize oxygen atoms. 
 This establishes a uniform field within the oxide, which leads to a shift in the Fermi level 
of the oxide, as shown in the Figure 2.5.   
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Figure 2.5: The shift of the oxide taken from [73-74]. 
 
The so-called Mott potential        can be calculated as               . 
This potential drives the slow ionic transport across the oxide film. The electrons 
continue to cross the film to maintain zero electrical current. The electrons are assumed 
to pass through the film via tunneling within the Cabrera-Mott model. This assumption 
restricts the model to thin films. To extend the model to thicker films one can assume 
electron transport via thermionic emission or via semiconducting oxides.   
In order to calculate the potential one assumes that the absorbed layer of ions is in 
equilibrium with the gas. This layer of absorbed ions provides the surface charge and the 
voltage across the film ∆Φ. The electron transfer and absorption reaction can therefore be 
written as: 
                         
    (Surface)                 (2.8) 
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As this reaction is assumed to be in equilibrium we can formulate the equilibrium 
constant:  
 
  
      
     
 
      
                                                  (2.9) 
 
K is related to the standard free energy change from equilibrium thermodynamics via  
 
     
      
  
                                                 (2.10) 
 
For a low coverage of excess O
2-
 ions on the surface we can write        
     , where n0 is the number of excess oxygen ions and Ns is the total number of 
oxygen ions per unit area of the surface. The number of surface     (  ); a is stand for 
the metal, metal, oxygen and metal ion activities.    - the free energies of oxide 
formation per mole of    (-   ). 
The activity of an electron with respect to the metal Fermi energy a(e) is equal to 
exp(-e∆Φ/kT). Taking this and the equations (2.9) and (2.10) into account one obtains for 
n0:   
 
          
 
       
        
  
                                             (2.11) 
 
The oxide film and the surface charges can be regarded as a simple capacitor, which leads 
to another expression for n0: 
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                                                                  (2.12) 
 
with X being the thickness of the oxide film;   is the relative dielectric constant;    is the 
dielectric constant in vacuum. Now we can solve equations (2.11) and (2.12) to get an 
expression for the Mott potential ∆Φ. 
 
    
  
    
    
  
   
   
  
     
          
 
  
     
                                (2.13) 
 
Normally e∆Φ/kT will be much larger then 1. Therefore the second term in equation 
(2.13) is negligible and equation (2.13) reduces to:  
 
    
   
  
 
  
  
    
          
 
  
     
                                         (2.14) 
 
To calculate the oxidation rate, Cabrera and Mott assumed that the rate-controlling step is 
the injection of a defect into the oxide at the metal oxide or at the oxide-gas interface [73, 
74].  
 
 
 
 
 
 
 
 
3 MATHEMATICAL AND PHYSICAL MODELS 
   
3.1 The Application Package COMSOL Multiphysics  
 
 
COMSOL Multiphysics package is a powerful 
interactive environment for the modeling and calculation 
of most scientific and engineering problems based on the 
partial differential equations (PDE) with the method of 
finite elements. The software runs the finite element   
analysis together with the grid taking into account the geometric configuration of the 
body and control errors by using a variety of numerical solvers.  
 It is a computer program that allows us to model and simulate a wide variety of 
physical phenomena. The program can tackle technical problems in many fields of 
science and engineering. Here are some of them: acoustics, electromagnetism, fluid 
dynamics and heat transfer, structural mechanics, chemical engineering, earth science etc. 
 Characteristics: Traditional finite-element-method software comes as a bound 
package of separate computer programs, each of which is responsible for only a part of 
the modeling procedure. Thus, traditionally, one program is used to create the model 
geometry, another program is used to mesh the geometry, apply material properties and 
specify boundary conditions. A solver is another program that is responsible for the 
actual number crunching and saving of the solution. At the end, the results must be 
plotted in yet another program that deals with post – processing. Such a disconnected 
way of analyzing a problem is rather inconvenient. COMSOL Multiphysics solves this 
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issue by being an all – in – one geometry creator and mesher, solver and post processor. 
It is quite easy to switch from one traditionally separate step to another. In addition, 
COMSOL Multiphysics is much simpler to use than traditional finite-element-method 
software packages. The fact that COMSOL Multiphysics is capable of analyzing our 
problems and that it is relatively user –friendly made it a better choice. The wide usage of 
COMSOL Multiphysics in various domains largely depends on its marked characteristics. 
These characteristics are: i) It can be used to solve multi-physics problems; ii) the user 
can specify his order own Partial Differential Equations; iii) Professional predefined 
modeling interfaces; iv) CAD models can be made directly; v) CAD package can be 
added.  
 3.1.1 Application areas: There are several application-specific modules in 
COMSOL Multiphysics. The most common:  
· AC/DC Module  
· Acoustics Module  
· CAD Import Module  
· Chemical Engineering Flow sheet Module and Chemical Engineering Module 
· Earth Science Module  
· Heat Transfer Module  
· Electrodeposition Module 
. 
Geomechanics Module 
.
 MEMS Module etc. 
  3.1.2 How to Use COMSOL Multiphysics to Solve Certain Problems:  
The following procedure is recommended to create the research problem: 
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   1. We select the dimension of the model. 
   2. We determine the workspace and set the geometry. 
   3. We specify the source data, depending on the variables of position and time. 
   4. We specify the physical properties of problem and the initial conditions. 
   5. We specify boundary conditions. 
   6. We set the parameters and construct a grid. 
   7. We define the solver settings and run the calculation. 
   8. We get results.  
In this paper we used the following application modes for modeling processes: 
 - Heat Transfer in Solids 
 - PDE, Coefficient Form 
 - Open Boundary in outside ball  
 - Fluid 
 - Boundary Heat source 
 - Dirichlet boundary condition 
 - Boundary ODEs and DAEs  
 - Volume Force  
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Figure 3.1: The view of simulation of oxidation of aluminum nanoparticles in COMSOL 
Software 
 
         3.2 Modeling of Oxidation of Aluminum Nanoparticles by Using Cabrera Mott 
Model 
 
 The research focuses on the modeling of novel Nanoenergetic Gas-Generators 
(NGG) that rapidly releases a large amount of gaseous products and generates a shock 
wave during the explosion. Established nanoenergetic thermite reactions include 
nanostructured composites of Al and aluminum oxides. The Cabrera - Mott model was 
used to describe the kinetics of oxide growth on spherical aluminum nanoparticles. To 
estimate reaction times, we assume that a 20-50 nm Al nanoparticle is covered by a thin 
oxide layer (2-4 nm) and surrounded by an amount of oxygen stored by oxides as shown 
in Figure 3.2. Electric-field across the oxide layer in a spherical nano-particle  surrounded 
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by oxidizer molecules (+ positive charge, - negative charge) according  to the Cabrera – 
Mott mechanism.  
        
 
Figure 3.2: The spherical configuration with different component layouts: Oxidation of a metal 
particle in an oxidizing environment.  
 
In this study, the following has been assumed:  
1) The particle is spherical;  
2) The change in particle diameter is small;  
3) The flame has spherical symmetry;  
4) The aluminum particle is coated with an oxide layer; 
5) The inner radius of the particle is 22 nm; 
6) The outer radius of the aluminum is 25 nm.  
 
 The nanoparticle is rapidly heated up to ignition temperature (750 K) to initiate 
self-sustaining oxidation reaction as a result of a highly exothermic reaction. Such a rapid 
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reaction cannot be explained by a conventional diffusion-based mechanism. This thesis 
presents a rapid oxidation model of a spherical aluminum nanoparticle, using Cabrera-
Mott moving boundary mechanism, and taking self-heating into account.                     
 In the Cabrera - Mott model of metal oxidation [1-4, 7], aluminum ions are 
facilitated to escape the aluminum surface (overcoming ionization potential W), and to 
move through the oxide layer to its outer part with the help of the electric field potential 
V, created by an imbalance between excess positive aluminum ions and electrons. 
Reaction with oxidizer happens on the outer part of the oxide layer once aluminum ions 
get in contact with the oxidizer and react. 
 Such tunneling is assisted by a self-consistent electric potential V, created in the 
oxide layer by an imbalance of excess concentrations of electrons   
  
   and aluminum 
ions   
   
    (here N is the concentration of the charges far from the metal-oxidizer 
interface) in metal-oxide layer in turn are dependent on the electric field potential V via 
appropriate Gibbs factors (the Gibbs factor is the generalization of the Boltzmann factor 
to systems where the number of particles N is not fixed; i.e., systems that can exchange 
particles with a reservoir. It gives the probability for the system to have a certain number 
of particles with a given energy), leading to a self-consistent nonlinear version of Poisson 
equation in the oxide layer. Normal velocities of metal-oxide and oxide-oxidizer 
interfaces are determined by the electric field on the boundary, via another Gibbs factor, 
giving rise to a coupled moving boundary problem.  
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 The Poisson equation for V in the case of a spherically- symmetric particle is 
therefore 
 
    
 
  
 
  
   
 
  
              
  
   
            
                                   
                                                                                                                (3.1) 
 
Here    is the metal particle radius,         is oxide layer thickness, 
          
   
 
  
 is the electrostatic constant,               is the elementary 
charge,         
 
 , and    and    are concentrations of aluminum ions and of excess 
electrons in the oxide layer respectively, and are given by  
   2 
       
  
 
 
 
     
  
   
 ,            
   
   
  where   is the mass of electron,    - 
Boltzmann constant,   - Plank constant,    is the concentration of sites available for 
hopping metal ions. The physical meaning of    is the difference of chemical potentials 
for metal ions in the metal and the oxide;   is the potential difference for electrons in the 
conduction bands of aluminum metal and the oxide (a semi-conductor); and the value of 
   is determined from the condition that metal ion concentration at the interface with the 
oxide equals   . It follows that  
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3.3. Metal – Oxide Interface  
The motion of the metal-oxide interface is due to the tunneling of metal ions through the 
ionization potential of the maximum height     . Electric field provides potential 
energy decrease for ion hopping from the bottom to the top of the ionization potential, at 
  distance           away. This leads to an equation for the metal-oxide interface radius 
  : the normal velocity    of the metal-oxide interface is directed towards the center and 
is therefore given by 
 
   
   
  
            
  
   
      
           
   
  
                                                                                               (3.3) 
 
Here     is the initial metal sphere radius, which we assume to be 22   , 
            
  is the volume of oxide per aluminum ion,           is the number 
of metal ions per unit surface area,           is the frequency of tunneling attempts, and 
q = 3 is the aluminum valence. 
 In the Cabrera-Mott model, it’s assumed that escaped metal ions migrate to the 
outer boundary of the oxide where they react with the oxygen, while the local Gibbs 
factor of excess densities of electrons and metal ions inside the oxide is essentially 
unaffected. Due to the spherical symmetry, the radius of the oxide-oxidizer interface    
changes uniformly, and can be found from conservation of the number of metal ions, 
taking into account difference in volumes per metal ion in the metal and the oxide,  
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Thus 
 
              
 
      
    
   
 
                               (3.4) 
 
Here           where          is the initial oxide layer thickness. 
 For small metal particles, it is important to take self-heating into account, due to 
heat released by exothermic aluminum oxidation, resulting in a temperature increase of 
the remaining metal and oxide layer. For nano-sized particles, the temperature can be 
assumed to be uniform. Thus temperature can be computed based on reaction heat release 
and specific heats of reagents. Assuming constant specific heats, 
 
           
            
    
  
        
                 
    
  
                            (3.5) 
 
Here    ,        are densities of the aluminum and oxide;    ,        are specifics heats 
per unit mass;     is the oxidation reaction enthalpy per unit mass of aluminum, and   is 
the proportion of released heat which is used up for self-heating [12, 14]. We take the 
reaction initiation temperature        . Since    can be found from    using (3.4), the 
temperature T in (3.5) is determined by   . Due to high enthalpy release in aluminum 
oxidation (       per gram of aluminum), adiabatic assumption     yields 
unrealistically high maximum temperature, even when the melting and vaporization heats 
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are taken into account. We assume that        of the heat released contributes to self-
heating, while the rest is lost due to radiation, heat conduction, and convection. For such 
value of  , the maximum reaction temperature, corresponding to     ,          in 
(3.4), (3.5), will be        
  , which agrees with experiment [12]. 
I have not worked with the experiment. The experimental part was carried out with the 
other research group. But I would like to write a little bit about experiment so that to 
compare with simulation.  The experiment was conducted using mixtures of commercial 
reactants (metal oxides and Al particles) with an average particle diameter of 100 nm. 
Typically the reactions are highly exothermic and the mixtures may spontaneously 
detonate in some cases due to friction or electrostatic charge build up when the precursors 
are mixed or ground together. Thus, the stoichiometric mixtures of the reactants (metal 
oxides and Al particles) were mixed in a closed cylinder containing hexane and nitrogen 
by a rotary mixing machine. Al nanoparticles are usually coated with a 4-8 nm thick 
coating oxide (Al2O3) shall during their fabrication. The coating reduces the active Al 
content in a particle and decreases the ignition sensitivity of the nanoparticles. Aluminum 
and metal oxides powders were stored under nitrogen in a glove box to prevent 
contamination by impurities present in the air. This powder is not very active in air and 
can be safely mixed with metal oxides in the preparation of thermite reactions mixtures. 
The high resolution TEM images show that most Al particles were spherical with a 
diameter from 50 to 150 nm and coated by     nm aluminum oxide layer. The images 
showing the thickness of the alumina layer combined with the data on the particle 
diameter distribution can be used to estimate either the volumetric or gravimetric fraction 
of active Al in the powder. The active aluminum content can also be determined from 
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thermo gravimetric analysis by estimating degree of powder oxidation upon heating. The 
pure aluminum mass content of a particle, with the average diameter of 100 nm and an 
aluminum oxide layer 4 nm thick is estimated to be  84 %. They used these Al 
nanoparticles to investigate the pressure release during the reactions with different metal 
oxide precursors in the Bi2O3/Al and I2O5/Al systems. They used two sources of bismuth 
oxide reactants. The commercial bismuth trioxide powder with average particle diameter 
of 100 nm and the second was prepared by a modified aqua combustion synthesis. The 
bismuth trioxide nanoparticles synthesized by combustion synthesis was generated more 
than three times large pressure than commercial Bi2O3 nanoparticles (Figure 3.3). The 
Bi2O3/Al and I2O5/Al mixtures generated the highest pressure peak of  12 MPa [12]. The 
recent experiments suggest that oxidation of nanoparticles of aluminum with Bi2O3 and 
I2O5 occurs in a few microseconds or less [75-76, 77-78] 
 
 
Figure 3.3: Temporal pressure rise during the reaction of as synthediameterd Bi2O3 and Al 
nanoparticles. Experiments were carried out with 0.5 g sample mass in the vessel with volume 
0.342 L [12]. 
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  To model the chemical reaction itself, we’ve also used data for oxidation power 
release   
 
  
    as a function of the remaining metal mass and temperature computed in 
[14]. The power P, in watts, released as a result of the oxidation reaction is given by 
 
  
 
  
        
 
  
 
 
  
     
                  
  
   
      
           
   
           (3.6) 
 
where             is aluminum oxidation enthalpy,     is aluminum density,   
 
   
  
 
      
                                                (3.7) 
 
m0 is initial mass of the particle,   is initial oxide layer thickness, and  
  
 
     .  
Thus, P can be found by solving the equation for the potential (3.1) for different 
temperatures T and radii   . We have computed (in [14]) a related quantity  
 
  
 
  
         
 
  
 
 
  
 ,                                      (3.8) 
 
thus  
  
 
  
           
  
 
  
   
.                                   (3.9) 
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Oxidation reaction power P in the Cabrera-Mott model with a self-consistent potential for 
an aluminum particle of radius 25 nm, as a function of oxidized metal mass, at various 
temperatures is presented in Figure 3.4. 
 
 
Figure 3.4: Oxidation reaction power P [watts] in Cabrera-Mott model with a self-consistent 
potential for an aluminum particle of radius 25 nm, as a function of oxidized metal mass, at 
various temperatures. Ionization parameters used in the model:               
                    [14]. 
 
 In [14], a simple self-heating was used, assuming that a certain fixed proportion of 
released heat is used for self-heating; that proportion was matched to an experimentally 
known maximal temperature.  
 
 
 
 
46 
 
3.4 Self – Heating Model of Particle Oxidation  
 
 We attempt a more accurate self-heating model of particle oxidation based on a 
balance of energy released as a result of the chemical reaction and lost due to convection. 
We have used the COMSOL software in this study to model convection. Our set-up for 
this computation was as follows. We have placed a solid aluminum ball of radius 
           at the origin, surrounded by a concentric control sphere of radius      
         filled with air. The initial temperature of the aluminum ball was taken to be 
          . Slip condition (term is from COMSOL) for the air velocity was used at the 
air-metal boundary. The boundary condition at the outer sphere was the open boundary 
condition with zero normal stress, but otherwise allowing air to move through the outer 
sphere, and with the outside temperature taken to be                . We have 
added viscous heating and pressure work (term is from COMSOL) options to the default 
conjugate heat transfer set-up for a careful modeling of the heat transfer in the air. We 
have also added gravity volume force in the air to enable convective air movement. A 
physics-controlled mesh was used in the study to add boundary mesh layers as 
appropriate.  
 A non-stationary 3D solver was used in our modeling. To model the chemical 
reaction itself, we have added a surface heat source with density 
  
 
  
    
    
  on the air-metal 
boundary, using interpolated data to get   
 
  
   , and introducing an extra boundary 
ODE on the air –metal boundary in order compute 
 
  
. The extra ODE was simply 
computing the total energy   which escaped from the metal into the surrounding air, 
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based on an instantaneous energy flow       through a sphere surrounding the metal 
particle. The energy flow    could be readily computed in COMSOL using an 
instantaneous surface integration. Thus 
 
  
 
 
    
, where           , and    is a 
solution of ODE      . The initial oxide thickness d was accounted for via an initial 
condition for the latter ODE: 
 
         
  
    
       .                                   (3.10) 
 
The chemical reaction heat source was switched off once all the available energy was 
used and       ; that was enforced by multiplying   
 
  
     by an appropriate step 
function [79].  
  The result of our computation of the temperature as a function of time is shown in 
Figure 3.5  
 
Figure 3.5: Temperature as a function of time, for the case of a spherical aluminum particle of 
radius r10=22 nm, with an initial oxide thickness d=3 nm. The initial temperature and the outside 
temperature are taken to be 800 K. 
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Figure 3.6 shows (a) the total energy released as a function of time, which used 
detailed convection and self-heating modeling in COMSOL. The overall oxidation time 
scale is compatible with the simpler self-heating mechanism considered in [7]. Also the 
plot shows the energy flux (b), velocity magnitude at different times (c) and temperature 
as a function of time (d). 
 
 
          the total energy Q as a function of time                             the energy flux 
 
               Velocity magnitude                                                          Temperature 
 
Figure 3.6: a) The total energy Q as a function of time; b) the energy flux, c) Velocity magnitude 
and d) Temperature as a function of time [80]. 
T=2059.6 K at t=2.158564e-5(2)s 
a b 
c d 
 
 
 
 
4 Results 
 
We considered the stationary and non-stationary problems with a Mott potential, 
and a Coulomb potential and investigated this problem numerically, using COMSOL 
software to facilitate the finite-element-method analysis on a moving mesh.  The 
aluminum ions are facilitated to escape the aluminum surface (overcoming ionization 
potential), and to move through the oxide layer to its outer part with the help of the 
electric field potential V, created by an imbalance between excess positive aluminum 
ions and electrons. 
         Normal velocities at the metal-oxide interface are determined by the electric field 
on the boundary, via another Gibbs factor in equation (3.3), giving rise to a coupled 
moving boundary problem.  We have found the self-consistent potential V; solving 
numerically the boundary value problem for the Poisson equation (3.1) for various radii r1 
(we have used Newton's method to solve a discrete version of the problem). Our results 
for the potential are illustrated in Figure 4.1 and in Figure 4.2 in 3 dimensional views 
(COMSOL software): 
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Figure 4.1: Self-consistent potential V for                    . Here                     
                                      ,                            [14]. 
 
Our values of the ionization parameters,          ,                      
      , are consistent with the data in the Cabrera-Mott paper [7]. We used     22 nm 
for the initial metal radius, and           for the initial metal + oxide radius. When 
the remaining metal radius is       , the radius of the metal + oxide    can be found 
from Eq. (3.4). 
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Figure 4.2: (Stationary solution) Self-consistent potential variable V with different radii: 
a)                                 e              . 
 
 The solution of the nonlinear Poisson equation (3.1) enables us to compute the 
gradient of the potential on the metal surface, and the corresponding potential decrease 
due to the electric field near the metal-oxide interface, for various radii   .  
 Figure 4.3 demonstrate the electric potential decrease at a distance a = 0.4 nm 
from the metal-oxide interface for the solution of the nonlinear Poisson equation (solid 
line), and compares it with a potential decrease computed using a Coulomb potential 
(broken line). The potential decrease determines oxidation speed, via an exponential 
Gibbs factor in Eq. (3.3). Our results demonstrate that the nonlinear model for the 
potential, with the self-heating effect, yields considerably higher oxidation rates. 
b
)
) 
 
c a 
 
d 
 
e 
 
f 
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Figure 4.3: Potential drop at a distance a=0.4 nm on the oxide side from aluminum [14]. 
 
Using the results for the gradient of the potential on the metal-oxide boundary, we 
can find the radius of the metal sphere as a function of time, by solving the moving 
boundary equation (3.3). This equation is separable, since it follows from equations (3.4) 
that the right hand side is a function of r1 only. Thus, a solution can be found by a 
numerical integration. The solution is shown in Figure 4.4. The overall oxidation time 
scale is in microseconds, much faster than for macroscopic particles.  
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Figure 4.4: Oxidation time scales: (a) ratio of remaining aluminum metal mass to initial  
aluminum mass, as a function of time. Here                                  
                                      (b) final stages of oxidation shown; solid 
curve: ratio of the remaining aluminum metal mass to the initial aluminum mass, dashed curve: 
ratio of temperature increase to the maximal temperature increase [14]. 
 
We further observe that in our model most of the oxidation occurs very quickly 
towards the end of the oxidation process, since the reaction rate dramatically increases 
with the temperature rise due to the self-heating. 
 Our model yields an oxidation time of 32 µs (microsecond) for a spherical 
aluminum nanoparticle of radius 25 nm at an initial temperature of 750 K. By using 
exactly the same ionization parameters and the self-heating mechanism, but taking the 
Coulomb potential rather than a solution of the self-consistent equation (3.1), the 
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oxidation time is calculated to be 2.5 ms (millisecond) that is almost 100 times slower. 
As for the diffusion limit, it is known to correspond to the linear term in the Coulomb 
potential    approximation of Eq. (3.3). It is clear from Eq. (3.3) that the oxidation rate in 
the linearized model will be much slower than for the Mott model. Using the same model 
parameters and self heating as in our model, the oxidation time in the diffusion limit 
would be about 40 ms; and without self-heating it is estimated to be 14 seconds at T = 
750K. Experimentally, an explosive oxidation reaction of nanosized particles is initiated 
at a temperature of about 750K (i.e below the aluminum melting temperature), with the 
reaction time scale estimated to be of order microseconds [12]. This comparison strongly 
suggests the Cabrera-Mott model with a self-consistent potential as the most likely 
reaction mechanism [14]. 
 We considered the spherically symmetric case for three dimensional (3D) with the 
moving boundary mechanism in the stationary case. Here we find numerically     
       
(Mott Potential) as the potential gain at a distance   (where        ) from the metal 
surface. After finding the values of potential in different radii, we plot the normal 
velocities of metal-oxide.  
 Finally, our numerical results in the spherically symmetric case show dramatic 
increase in the oxidation rate for a nanosized aluminum ball (Figure 4.5), as a combined 
effect of nonlinearity and self-heating. So, plots for 3D case shown in Figure 4.2 above. 
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Figure 4.5: The rate of oxide growth is occurring in spherical nanoparticles. 
 
We also considered several sizes of the nanoparticles with oxide layer and determined the 
value of the potential with different radii and the reaction time of the rate. Nanoparticle 
sizes of a)5-3nm; b) 5-4 nm; c) 10-7nm; d) 10-9nm; e) 25-24nm; f) 25-22nm are shown 
Figure 4.6.  
  We computed for the same nanoparticle size with different oxide layer thickness 
and calculated the reaction of time this processes, after we can know the normal velocity.  
In the process we can observe that with decreasing radius, our particle is burned by time. 
In part (a) the thickness is d=2nm and part (b) the thickness is d=1. We can see that 
smaller the size of thickness, the faster Al nanoparticle is completely burned. This 
process happens for all cases of nanoparticle sizes. 
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a) 5-3nm: 
 
 
r1=3nm                                  r1=2nm                                        r1=1.5nm 
 
 
                     r1=1nm                                  r1=0.5nm                          t= 2.4242e-006s       
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b) 5-4nm: 
 
 
 
r1=4nm                                  r1=3nm                                        r1=2nm 
 
 
                 r1=1.5 nm                                r1=1 nm                                   r1=0.5 nm   
 
 
t=0.7799e-007 s  
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c) 10-7nm: 
 
 
  
        r1=7nm                                  r1=5nm                                      r1=3nm 
 
 
 
       r1=1nm                                     r1=0.5nm                              t=2.1499e-044s 
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d) 10-9nm 
 
     
     r1=9nm                                     r1=5nm                                  r1=3nm 
 
     
           r1=2nm                           r1=1nm                                        t=9.8969e-007 s 
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e) 25-22nm 
 
 
                r1=22nm                                  r1=20nm                             r1=15nm 
 
 
         r1=5nm                                     r1=1nm                                          t=1.2ms 
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f) 25-24nm 
  
         r1=24nm                                     r1=20nm                                    r1=10nm  
 
           r1=5nm                                         r1=1nm                               t=3.9947e-006 s  
 
Figure 4.6: A combustion of Al nanoparticles with different radii in 3D and their reaction time 
 
 Our numerical results in the spherically symmetric case show dramatic increase in 
oxidation rate of a nanosized aluminum ball, as a combined effect of nonlinearity and 
self-heating.   
 
  
 
 
 
 
 
 
 
 
 
 
 
 
5.  Summary and Conclusions 
 
  We have investigated the Cabrera-Mott model with the self-consistent potential to 
find the oxidation reaction power for nanosized aluminum particles as a function of 
temperature and the oxidized proportion of the metal mass. The oxidation occurs very 
quickly towards the end of oxidation process, since reaction rate dramatically increases 
with the temperature rise due to the self-heating. Such computation yields oxidation times 
of order 10e- 5 s., with most of oxidation happening at a smaller time scale of 10e-8 s.  
For sufficiently small initial oxide thickness (of order 1 nm), and sufficiently high 
initiation temperatures (of order 750K and above), the oxidation occurs very quickly 
reaching very high (and physically quite unrealistic) temperatures. 
  Normal velocities of metal-oxide and oxide-oxidizer interfaces are determined by 
the electric field on the boundary, via another Gibbs factor, giving rise to a coupled 
moving boundary problem. We note that Eq. (3.3) for the metal boundary velocity is 
similar to the model of metal sphere oxidation considered in, however using a different 
potential (a solution of the nonlinear Poisson equation (3.1) rather than the Coulomb 
potential), and we also take the self-heating effect into account.  
   Nonlinearity in the equation for the self-consistent electric potential, together with 
the self-heating effect, lead to a significant increase of the oxidation rate for nano-sized 
aluminum particles, compared to the model with a Coulomb potential and without self-
heating. The results of this modeling suggest that the maximum temperature to 
experiment with as well as numerical modeling of nonstationary convective heat loss in 
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COMSOL provide roughly the same oxidation time scales in the microseconds range for 
nano-sized aluminum particles, which is in agreement with the experimental data in [12]. 
Experimentally, an explosive oxidation reaction of nanosized particles is initiated at a 
temperature of about 750K (i.e below aluminum melting temperature), with the reaction 
time scale estimated to be in microseconds. 
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